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Abstract. The evolution of damage in geared components manufactured from steel sheets was 
investigated, to analyse the influence of damage caused by the sheet-bulk-metal forming. Due to 
the inhomogeneous and multi-axial deformation in the investigated parts, different aspects such 
as the location-dependent shape and size of voids are analysed by means of various microscopic 
methods. In particular, a method to characterize the state of damage evolution, i. e. void nuclea-
tion, growth and coalescence using scanning electron microscopy (SEM) is applied. The inves-
tigations reveal a strong dependence of the void area fraction, shape of voids and thus damage 
evolution on the loading mode. The microstructural analysis is complemented with FEM simu-
lations using material models which consider the characteristics of the void evolution.     
Keywords: Sheet-bulk metal forming; Sheet metal; Damage; Microstructure; Voids; Load path 
dependence; Microscopy; Simulation   
1. Introduction 
In sheet-bulk-metal forming (SBMF) processes material is redistributed in the direction perpendicular 
to the sheet thickness to create functional elements such as geared components [1]. The manufacturing 
process involves the combination of both drawing and indentation operations. These result in a combi-
nation of tensile and compressive loads during forming. The desired plastic deformation is accompanied 
by the evolution of voids. In dual phase steels the voids nucleate and grow mainly inside the martensite 
particles or along the ferrite/martensite interfaces [2]. Landron et al. have shown that for the dual phase 
steel void coalescence occurs just before final fracture and in particular local coalescence occurs be-
tween neighbouring cavities [3]. Similarly, Avramovic-Cingara et al. [4] considered only the mecha-
nisms of nucleation and growth of voids.  
Previous work by Landron et al. [5] and others have used X-Ray microtomography to investigate 
void events in the microstructure. Such systems make it possible to obtain 3D information of macro-
scopic fields. Usually, this approach has a spatial resolution of 2 µm or more likely in this context a 
voxel size of 1.6 µm³. This is very helpful for in-situ observations of void events. Especially concerning 
void coalescence. However, when to differentiate whether a void has newly nucleated or grown this 
approach has some uncertainties. Measurement of void shape and size using the special polishing 
method presented in the following allows observing voids at the nano scale (Figure 1). The correspond-
ing voxel size of this approach is 8 nm³. While the studies using microtomography are given for the 
micro level, this approach looks at the nanoscale. Nevertheless, the data of both are in very good corre-
lation. 
Such defects result in a reduction of the load bearing capacity of metallic parts. When the void size 
reaches a critical level, either by growth or coalescence, the formation of cracks leads to macroscopic 
failure [6]. According to Lemaitre [7] the scalar damage variable D is determined by the ratio of the 
Young’s modulus with defects to its value in a defectless condition. This damage variable D can be 
understood as the ratio of the area of the defects like microvoids, or microcracks to the total area (as-
suming no damage) of a considered material point. Similarly, for the damage models of the Gurson 
family, a scalar void volume fraction f is directly correlated to the damage of the material [8]. In this 
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case f denotes the ratio of void volume to total volume of the considered material point. The evolution 
of voids during forming of parts, especially by SBMF has not yet been analysed comprehensively. Pre-
vious investigations of the authors for a geared component manufactured by SBMF revealed that under 
compressive stress states, the void volume fraction (and thus the damage) may decrease [9].  
 
 
Figure 1. Micrograph of typical dimensions. 
For a detailed analysis of the damage evolution during SBMF a simplified specimen has been devel-
oped. Thus, different levels of pre-strain and subsequent forming can be combined to investigate the 
influence of load path changes on the evolution of damage and fracture. The experimental setup of this 
simplified specimen is given in section 2. Section 3 presents the sample preparation for the microstruc-
tural analysis with both light microscopy and scanning electron microscopy (SEM) of the tested speci-
men. Details about the simulation of the experiment with respect to damage and failure are given in 
section 4. The results of the simulations are compared to those of the microstructural analysis in section 
5. 
 
2. Experimental setup 
The forming experiments were carried out on a five-axis forming press that was specially designed for 
the demands of incremental sheet-bulk metal forming processes [10]. An important feature is the avail-
ability of several axes of motion. The used setup enables a simultaneous conduction of different opera-
tions, such as tensile and compressive processes [11]. In order to conduct experiments which allow the 
analysis of a combined tensile and compression deformation and thus to investigate the strain path de-
pendency of the material due to a multi-axial deformation, the experiments were run in a consecutive 
sequence. After an initial tensile preforming to specific elongation ratios, an indentation step was con-
ducted with different indentation depths (cf. Table 1).  
 
Table 1. Process parameters 
Tensile strain Indentation depth Result  
10% 3.3 mm OK 
10% 3.8 mm Crack 
15% 2.8 mm OK 
15% 3.3 mm Crack 
 
The sheet geometry was designed in accordance with conventional tensile tests to achieve uniform 
deformation in the centre region and realize plane stress conditions during pure tensile loading. Figure 
2 presents the used setup, workpiece and the tool geometries. The specimens were manufactured by 
laser cutting from the dual phase steel DP600 (WN 1.0936) with an initial thickness of s0 = 2 mm. The 
experiments were performed without lubricants at room temperature with a constant indentation velocity 
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of v = 1 mm/s. The indenter was manufactured from a powder metallurgy high-speed steel ASP®2023 
(WN 1.3344) and vacuum hardened to a surface hardness of 60 HRC. All other components of the setup 
were made of S 235 JR (WN 1.0038) steel plates containing screws for a defined clamping and posi-
tioning of the specimen.  
 
 
Figure 2. a) Experimental setup (schematic), b) Tool geometry, c) Workpiece geometry. 
 
3. Microstructural Analysis 
Following the experiments the specimen were cut into pieces. Figure 3 displays the zones from which 
samples have been prepared for micrographic analysis. Due to anisotropy of both material and loading 
path, micrographs of cross sectional cuts (P1-P4, PTC), as well as longitudinal cuts (PT, P5, P6) have 
been prepared. PT has been subjected to only tensile loading, while PTC was subjected to additional 
compression. P1 – P6 have in common a fully three-dimensional stress state, which is representative for 
complex forming operations. The preparation followed the method presented in [12]. Special emphasis 
is given to the final polish for one hour in a vibratory polisher. The samples from each zone have been 
analysed with 5000x magnification. At each zone a grid of 5x5 images covered an area of 9775 µm². 
Back scattered electrons (BSE) were used as primary signal source. 
 
 
Figure 3. Localization of investigated zones on the specimen. 
 
4. Simulation setup 
Gurson’s porous plasticity model [8] is used to predict the evolution of void events and fracture. The 
applied model includes the enhancement introduced in [13] to model the accelerated increase in the void 
content due to coalescence and the model extension introduced in [14] to include the void growth under 
shear stress states. The model was implemented in Abaqus as a user defined subroutine VUMAT. A 
detailed description is given in [15]. The process was simulated using 8-noded C3D8R (8-node linear 
brick, reduced integration with hourglass control) elements in Abaqus/Explicit. The mesh size at the 
deformation zone is 0.25 mm, which is reasonable for the smallest indenter tip radius of 0.5 mm. In 
order to eliminate the problem of excessive element distortion due to large deformations at the forming 
zone, an Arbitrary-Lagrangian-Eulerian (ALE) meshing scheme is applied. The crack is represented by 
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the deletion of those elements, for which the void volume fraction reaches the critical value ff. The 
indenter is modelled as a rigid body.  
 














0[ ] ( )  p p ny e K e e  
r0 r45 r90 K 
in MPa 
e0 n 
201400 0.3 359 0.974 0.972 1.217 983 0.00232 0.19 
Gurson 
Model       
Parameters 
f0 q1 q2 q3 fN sN epN fc ff 
0.0008 1.5 1.0 2.25 0.00062 0.1283 0.5421 0.015 0.07 
 
The elastoplastic material properties and the Gurson model parameters for the selected material DP600 
sheet (2 mm thickness) are listed in Table 2. The methodology used for the parameter identification is 
presented in [12]. The model parameters related to void nucleation, growth and coalescence and initial 
void content are obtained from the micromechanical measurements. The model parameter related to the 
void growth under shear is obtained by an inversed parameter identification methodology, which utilizes 
tests such as tensile tests and shear cutting. Mesh size dependency of the model is controlled by this 
model parameter, which has different values depending on the discretization. The simulation includes 
two steps as in the process, which are tension of the specimen and indentation of the indenter. The 
indentation takes place after the removal of the tensile loading on the specimen.  
5. Results and Discussion 
5.1. Simulation results 
Numerical investigation is conducted for the case with initial tensile loading of 10%. For tensile load 
the designed specimen geometry provides a homogenous plastic strain under the indenter. During in-
dentation a local deformation takes place around the indentation zone. The material under the indenter 
pushes the neighbouring zones out of the sheet plane (Figure 4). The out of plane component of the 
strain tensor (εzz) is maximum under the indenter, such that the material flow out of the sheet plane 
reaches its maximum and reduces towards the sheet plane.  
 
Figure 4. Out of plane component of the strain tensor (distribution) around the indenter at the indenta-
tion of 3 mm after 10% tensile loading. 
The equivalent plastic strain distribution indicates also locally high strains at the bulging zones, 
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Figure 5. Incipient cracking for the simulation at the indentation of 3 mm and for the experiment at 
3.8 mm indentation. 
In experimental testing the crack geometry can be analysed only after the punch is released. There-
fore, the exact onset of cracking cannot be determined. For 3.3 mm indentation the specimen had no 
visible crack, while at 3.8 mm a crack was detected. In contrast in simulations the crack initiates at 3.0 
mm indentation. Especially for the processes with very local and high deformations, numerical effects 
such as the effect of the selected mesh size on localization pattern can result in such slight deviations 
between simulations and experiments. Further mesh studies should be conducted for understanding this 
effect to improve the predictive performance. Mainly, the simulations are carried out to understand the 
deformation behaviour before and during the indentation process.  
For the following investigation of the void development Figure 6 provides supporting information 
from the simulation (without ALE) about the load history and the effect on voidage for two representa-
tive points. According to Figure 3 and Figure 4, P4 is a point under the indenter where the out of plane 
strain component has a maximum. P5 is the point on the surface of the specimen which will be deleted 
first and where the crack initiates.  
 
 
Figure 6. Evolution of void volume fraction (VVF) and triaxiality over plastic strain. The bold hori-
zontal line marks triaxiality of 0. 
5.2. Microstructure Analysis 
In order to investigate the void development until crack occurrence, the void content in different regions 
of the specimen were investigated. Figure 7 depicts the counted number of voids at different locations 
and orientations. Overall, the number of voids is between 125 and 425 for the cross-section view. While 
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in the upper part of the formed geometry (bridge: P1, P2) no significant increase is present, the number 
of voids multiplies by almost 4 at the bottom of the indented notches (P3, P4). Areas with homogenous 
deformation in the thickness direction feature a lot fewer voids than the areas under the indentation. At 
the bridge and in the point of plane stress (PS) the number of voids only slightly increases. For the 
longitudinal-section view the number of voids is between 75 and 180. Interestingly, the deformed areas 
have a reduced number of voids compared to the reference state. Only P6 at the wall of the indentation 




Figure 7. Number of voids at given location in cross-section (CR) view (blue) and longitudinal-sec-
tion (LT) view (yellow). 
The void volume fraction (Figure 8) is calculated as the ratio of void area to total area investigated. 
For both the cross-sectional and the longitudinal-section view the void volume fraction is highest in 
areas with severe thickness change. Although the previous analysis has shown that in certain circum-
stances the number of voids decreases, the void volume fraction for those also increase. In previous 
research an increase of the mean size of voids was observed [12]. The study focused on the analysis of 
a notched tensile specimen and an ion slope polishing method. However, the total void volume fraction 
remained constant. This is a strong indicator for the presence of void coalescence, since the number of 
voids decreases as opposed to an increase of their individual sizes. This is supported by the fact that P5 
is the point of crack initiation. Figure 6 also shows a sudden increase in triaxiality and void volume 




Figure 8. Void volume fraction at given location in cross-section (CR) view (green) and longitudinal-
section (LT) view (yellow). 
The mean void size is determined as the ratio of total void area to number of voids. For the cross-
sectional view, the mean void size is between 0.02 µm² and 0.03 µm² with a peak value of almost 
0.04 µm² for plane stress loading (Figure 9). Compared to the longitudinal cut the mean void size is 
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almost constant. In contrast, the mean void size for the longitudinal cut is changing significantly. The 
results are of special interest, when looking at the zones P3 and P4. Together with the previous results 
for both zones another strong hint for the active void mechanism is given. The severely increasing num-
ber of voids and volume fraction at almost initial mean void size indicate a numerous nucleation of new 
voids.  
Unfortunately, the simulation is not capable of capturing these effects (Figure 6). In the simulation 
the void volume fraction of P4 decreases monotonically at indentation. This is coherent to the evolu-




Figure 9. Mean void size at given location in cross-section (CR) view (red) and longitudinal-section 
(LT) view (yellow). 
6. Conclusion 
In this study, the void evolution during a successive tension and indentation experiment has been pre-
sented. This test mimics a process case with sequentially applied tensile and compressive loadings to a 
sheet as in a real manufacturing process, such as the process chain of deep drawing and upsetting [9]. 
With this setup, it is possible to assess onset of fracture and void development until fracture, which does 
not occur during the mentioned process chain. Sequential application of tensile loading and compression 
provides the control of the level of pre-strain before indentation. 
The simulations show a homogenous plastic deformation zone during tensile loading under the in-
denter. A slight increase in the voidage can be observed in this stage, depending on the plastic strain that 
the material point reaches. During the indentation, the localized deformation and the material flow under 
the indenter can be seen from the simulation results. The material under the indenter pushes the material 
through the out of sheet plane. As the indentation increases, there is a high localized deformation at the 
material out of sheet plane. The location of the crack, which occurs at this material protrusion, is cap-
tured by the Gurson model correctly with a slight deviation at the critical indentation depth. However, 
this observation may not be over interpreted in the sense that for all cases, the model parameter fc coin-
cides with the experimentally determined maximum value.   
The microstructural analysis substantiated that the location of crack initiation is subject to some void 
coalescence before ultimate failure. Furthermore, the analysis has revealed that probably all void evo-
lution mechanisms of nucleation, growth and coalescence are involved during the experiments though 
not necessarily simultaneously or subsequently. Instead it can be assumed, that under compressive de-
formation void nucleation dominates, while under tension void coalescence is the primary mechanism. 
The most critical region at the wall of indent (P6) has a void volume fraction of 0.13%, which is much 
smaller than the void volume fraction of 7% obtained in [12]. It is expected that the void content in-
creases with an accelerated void coalescence as approaching the outer contour of the material protrusion. 
However, this hypothesis must be proved with further investigations.  
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